a b s t r a c t Ar + and He + ions were implanted into Ge samples with (1 0 0), (11 0), (111) and (11 2 For both the implantation ions, there is about no difference between the values found for the damage efficiency per ion for the four different orientations. This together with the high value (around 5 times higher than that found in Si), gives rise to the assumption of amorphous pocket formation per incident ion, i.e. direct impact amorphization, already at low implantation fluences. At higher fluences, when collision cascades overlap, there is a growth of the already amorphized regions.
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Introduction
Germanium has been the preferred host for most of the early studies on defects in semiconductors. The research was driven by the search for sensitive detectors for gamma radiation [1] . Defects and defect formation in Ge, being in the shade over the last two decades, have recently generated new interest because of their potential applications. The low effective mass of holes in Ge has opened up the possibility of using Ge in ultrafast complimentary metal-oxide-semiconductor devices [2] . This, in turn, has sparked renewed interest in the properties of defects in Ge because defects ultimately determine the performance of devices. Germaniumon-insulator (GeOI), which combines high mobility of charge carriers with the advantage of a silicon-on-insulator (SOI) structure, is an attractive integration platform for the future integrated circuit technology. Also, due to its low lattice mismatch with GaAs, III-V compound transistors as well as optoelectronic functions can be integrated on GeOI [3] .
Because of the poor identification of defects in Ge, the interpretation of electrical and optical data, especially those obtained at low-temperature radiation experiments, has been given by a common analogy with the known defects in Si.
However, there are many striking dissimilarities between defect production and annealing processes in both materials [4] . In order to study purely ion-induced effects during implantation of materials, thermal influences have to be suppressed by reducing the target temperature and by preventing sample heating between implantation and measurement. The laboratory at the Friedrich-Schiller-Universität in Jena has a special target chamber which fulfils these conditions [5] . The aim of this investigation is thus to gain understanding in the primary mechanisms of damage formation during Ar + and He + ion irradiation of different orientations of Ge.
Experimental
The Ge samples used during this investigation were purchased form UMICORE [(1 0 0), (11 0) and (111) Applying the computer code DICADA (based on the discontinuous model of dechannelling [6, 7] ), the relative concentration of displaced lattice atoms, n da (for short called relative defect concentration) versus depth z was calculated from the RBS spectra assuming the displaced atoms to be randomly distributed within the lattice cell. . From the channelling spectra the relative defect concentration of displaced lattice atoms, n da , versus depth was calculated using the DICADA code [6, 7] and are plotted in Fig. 2 . For these calculations a random distribution of the displaced lattice atoms is assumed which is reasonable for low temperature implants [5] . A Debye temperature of 374 K was used. The depth profile of the energy density primarily deposited in nuclear processes as calculated using the TRIM code [8] is also included in arbitrary units for comparison. As can be seen, good agreement was found between the calculated and measured damage distributions with respect to the position of the maximum and the broadness of the distribution for both the Ar + and He + ion implantations.
Results
For the analysis of the fluence dependence of defect production the defect concentration in the maximum of the distribution was taken. In order to improve statistics, n da , was averaged over a Fig. 3 . It is clear from Fig. 3 that the defect concentration n max da increase linearly with increasing fluence N I until amorphization is reached. As expected, it was found that the higher mass Ar + ions have a higher damage efficiency than He + ions.
A summary of the resulting cross-sections for direct impact damage production, P, versus the melting temperature of Ar + ion implantations at 15 K into some III-V compounds found in the literature [5,9-14] as well as for Ge and Si [14] are given in Fig. 4 . These materials can be divided into two groups, i.e. those where the defect concentration increases smoothly to a maximum value and those where the defect concentration remains low and increase only slightly with increasing fluence [10] . From Fig. 4 , it is clear that Ge also belongs to the first group with weaker bond strengths where stimulated growth dominates when the collision cascades start to overlap, forcing the amorphization of the implanted layer.
Conclusions
There is no significant difference in the damage efficiency per ion found for the four different orientations of either the Ar + or He + ion implanted Ge. This, together with the high value (5 times higher than that found in Si), gives rise to the assumption of amorphous pocket formation per incident ion, i.e. direct impact amorphization, already at low implantation fluences. At higher fluences, when collision cascades overlap, there is a growth of the already amorphized regions. 1e14  8e13  6e13  3e13  TRIM  6e12  2e12  2e11 Relative Defect Concentration (n da )
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